Endothelial cells are highly responsive to their extracellular milieu. Endothelial cell activation is a term used to describe the phenotypic response of endothelial cells to inflammatory mediators, including lipopolysaccharide, tumor necrosis factor alpha (TNF-␣), and interleukin-1 (IL-1). The activation phenotype typically includes some combination of increased leukocyte adhesiveness, reduced barrier function, a shift in hemostatic balance toward the procoagulant side, and altered vasomotor tone. Many of these properties are mediated by changes in gene expression.
Vascular cell adhesion molecule 1 (VCAM-1) is a 110-kDa cell surface glycoprotein that is expressed in cytokine-activated endothelial cells. VCAM-1 is also expressed in other cell types, including smooth muscle cells and fibroblasts (8) . The VCAM-1 promoter represents a potentially valuable tool for dissecting the molecular mechanisms of endothelial cell activation. Previous studies have implicated a role for NF-B (17, 28, 29) , GATA (28, 29, 44) , Sp1 (34) , activating protein 1 (2), interferon regulatory factor 1 (35) , and SOX18 (13) in mediating inducible expression of VCAM-1. Several transcription factors have been shown to interfere with NF-B-dependent expression of VCAM-1, including KLF4 and Oct1 (7, 12) .
IL-4 is a 20-kDa pleiotropic cytokine expressed by T helper 2 (Th2) lymphocytes, eosinophils, basophils, and mast cells (reviewed in references 38 and 42). IL-4 has been shown to be necessary for stabilization of the Th2 phenotype and promotes the synthesis of IgE (reviewed in references 6 and 22) . IL-4 has been implicated in the pathogenesis of atherosclerosis (reviewed in reference 21) and allergic asthma (reviewed in reference 6). Signaling of IL-4 in endothelial cells occurs via a heterodimeric IL-4 receptor (IL-4R), consisting of IL-4R␣ and IL-13R␣ subunits (36) . Activation of the receptor results in Janus kinase 1/2 (JAK-1/2)-dependent tyrosine phosphorylation and subsequent dimerization of signal transducer and activation of transcription 6 (STAT6), which then translocates to the nucleus and binds to consensus sequences (TTCN 3-4 GAA) found within promoters of IL-4-regulated target genes (14, 27) . Previous studies with endothelial cells have demonstrated that IL-4 induces the expression of CXCL-8, inducible nitric oxide synthase (iNOS) (15) , urokinase-type plasminogen activator (u-PA) (46) , vascular endothelial growth factor (VEGF) (15) , P-selectin (20, 32, 47) , monocyte chemoattractant protein 1 (MCP-1) (39), CCL26 (18) , , 15-lipoxygenase (24) , and osteoprotegerin (41) . In addition, previous studies have shown that IL-4 upregulates the expression of VCAM-1 in endothelial cells (4, 10, 14, 23, 26, 37, 40) . In contrast, IL-4 does not lead to increased expression of intercellular adhesion molecule 1 (ICAM-1) (10, 43) and has a variable effect on E-selectin expression (3, 10, 15).
The mechanisms underlying IL-4-mediated induction of VCAM-1 are poorly understood. A previous analysis of the VCAM-1 promoter failed to reveal STAT6 binding sites (16) . One study demonstrated that IL-4-dependent increase in VCAM-1 levels is mediated by stabilization of VCAM-1 mRNA (16) . A role for reactive oxygen species has also been suggested (23) . The goal of the present study was to delineate the molecular basis for IL-4-mediated induction of VCAM-1 expression in endothelial cells. Using a combination of chromatin immunoprecipitation sequencing (ChIP-seq) and functional promoter analyses, we show that IL-4 induction of VCAM-1 is mediated by a STAT6 binding site at kb Ϫ16 relative to the transcriptional start site. HUVECs were treated in the presence or absence of 20 ng/ml IL-4 and then processed for cytosolic and nuclear fractions. Western blot analysis was carried out using antibodies against total STAT6, phospho-STAT6, nuclear lamin A, cytosolic ␣-tubulin, and p65 NF-B. (B) HUVECs were treated with Ad-control or Ad-CA-STAT6. STAT6 (left) and VCAM-1 (right) mRNA levels were measured by quantitative real-time PCR. The results show the means and standard deviations of expression levels relative to Ad-control, derived from three independent experiments. * , P Ͻ 0.001 compared with Ad-control. (C) HUVECs were transfected with si-control or two independent siRNAs against STAT6 (oligo1 or oligo2), serum starved, and then treated with 20 ng/ml IL-4 for 24 h. STAT6 (left) and VCAM-1 (right) mRNA levels were measured by quantitative real-time PCR. The results show the means and standard deviations of expression levels relative to si-control in the absence of IL-4 treatment, derived from at least four independent experiments. * , P Ͻ 0.01 compared with si-control-treated cells in the presence of IL-4. N.S., nonsignificant. (D and E) U937 monocytic cell adhesion assays were carried out as described in Materials and Methods. HUVECs were infected with Ad-control or Ad-CA-STAT6 or transfected with si-control or si-STAT6, preincubated with control IgG or neutralizing antibody against VCAM-1, treated with 20 ng/ml IL-4 for 24 h, and then washed and incubated with U937 monocytes. The results are representative of four independent optical images from three independent experiments. Bar, 50 m. Adhesion levels were quantitated (E). * , P Ͻ 0.01, compared with Ad-control minus IL-4; ** , P ϭ 0.045 compared with Ad-CA-STAT6 minus IL-4; #, P Ͻ 0.01 compared with si-control plus IL-4; and $, P Ͻ 0.01 compared with control IgG. The construction of VCAM-1-luc (bp Ϫ1716 and ϩ119) was previously described (29) . The STAT6 binding regions (kbp Ϫ16, Ϫ11, and ϩ15) were cloned by PCR with genomic DNA from HUVECs and specific primers containing SacI and XhoI sites (shown in Table S1 in the supplemental material). SacI-and XhoI-digested enhancer fragments were subcloned into SacI/XhoI-digested VCAM-1-luc. HUVECs were transiently transfected with plasmid DNA using FuGENE HD reagent (Roche Molecular Biomedicals), and luciferase activity was measured with the dualluciferase assay kit (Promega) as previously described (31) .
DNA microarrays. HUVECs were transfected with either si-control or si-STAT6 (oligo1 or oligo2) for 48 h. Alternatively, HUVECs were infected with Ad-control or Ad-CA-STAT6. RNA was harvested and purified with TRIzol (Invitrogen). Preparation of cRNA and hybridization of probe arrays were performed according to the manufacturer's instructions (Affymetrix). Data were analyzed according to the MIAME rule.
ChIP. HUVECs were cross-linked with 1 mM disuccinimidyl glutarate (Pierce) for 30 min at room temperature, washed once with ice-cold PBS, and cross-linked again using 1% formaldehyde for 10 min at room temperature. Cells were prepared for chromatin immunoprecipitation (ChIP) (data are available at http://www.lsbm.org/MCB_2146207). Antibodies against histone H3 lysine 4 trimethyl (H3K4me3) (ab8580; Abcam), histone H3 lysine 4 monomethyl (H3K4me1) (kindly provided by H. Kimura), p300 (05-257; Upstate), acetylated histone H4 (H4Ac) (06-866; Upstate), and STAT6 (sc-621; Santa Cruz) were added and immunoprecipitated with protein A/G-conjugated magnetic beads (Invitrogen). Prepared DNA was quantified by using Qubit (Invitrogen), and more than 10 ng of DNA was processed for ChIP-seq and ChIP-quantitative PCR (qPCR).
ChIP-seq. All protocols for Illumina/Solexa sequence preparation, sequencing, and quality control are provided by Illumina. A brief summary of the technique and minor protocol modifications are available at http://www.lsbm.org/MCB _2146207.
Statistics. Data are shown as means Ϯ standard deviations (SD). P values were calculated by using the two-tailed unpaired Student's t test. A P value of Ͻ0.05 was considered significant.
Accession numbers. Annotation of the probe numbers and targeted sequences are shown on the Affymetrix web page under accession no. GSE 28117. ChIP-seq data are available under accession no. SRA030735.1.
RESULTS

IL-4 induces VCAM-1 but not ICAM-1 expression in cultured endothelial cells. Previous studies have shown that IL-4
induces VCAM-1 expression in cultured endothelial cells (15) . Consistent with these data, incubation of human umbilical vein endothelial cells (HUVECs) with 20 ng/ml IL-4 resulted in a time-dependent increase in IL-4 mRNA, as measured by realtime PCR, with peak levels (39.6-fold) occurring at 24 h (Fig.  1A) . In contrast, IL-4 did not affect ICAM-1 mRNA expression. Compared with IL-4, TNF-␣ resulted in an earlier though far greater peak (64.5-fold at 4 h) in VCAM-1 mRNA levels (Fig. 1B) . Combined treatment with IL-4 and TNF-␣ resulted in additive (at 4 and 12 h) and synergistic (at 24 h) induction of VCAM-1 expression (Fig. 1B) . In Western blot analyses, treatment of HUVECs for 24 h with IL-4 or TNF-␣ resulted in comparable induction of VCAM-1 protein levels, while combined treatment with IL-4 and TNF-␣ resulted in further induction of VCAM-1 (Fig. 1C) . Thus, IL-4 results in sustained induction of VCAM-1 expression in cultured endothelial cells.
IL-4 induces VCAM-1 but not ICAM-1 expression in endothelial cells in vivo.
To determine whether IL-4 induces VCAM-1 expression in vivo, mice were injected intravenously (i.v.) with IL-4 (0.5 mg/kg) or an equal volume of saline (control). Aortas and hearts were harvested 6 h later, and cryosections were processed for immunostaining of VCAM-1 or ICAM-1 and the endothelial marker ICAM-2. Compared with the control, IL-4 treatment resulted in marked upregulation of VCAM-1 protein in the aorta, the majority of which colocalized with ICAM-2 in the endothelium ( Fig. 2A ). This effect was blocked by pretreatment with IL-4 receptor-␣ blocking antibody. TNF-␣ (0.1 mg/kg i.v.) injection resulted in a comparable induction of VCAM-1 protein expression in aortic endothelium. In contrast, TNF-␣, but not IL-4, also resulted in induction of ICAM-1 in both vascular endothelial cells and smooth muscle cells of the aorta (Fig. 2B ).
In the heart, IL-4 treatment resulted in increased VCAM-1 protein expression in the endothelial lining of medium-size blood vessels. In contrast, TNF-␣ induced VCAM-1 expression both in capillaries and in larger vessels (Fig. 2C ). IL-4 treatment had no effect on ICAM-1 levels in the heart (data not shown). To quantitate the effect of systemic IL-4 and TNF-␣ on VCAM-1 expression, mouse hearts were harvested for RNA and processed for real-time PCR. As shown in Fig. 2D , IL-4 and TNF-␣ treatment resulted in significant (3.3-fold and 8.5-fold, respectively) increases in VCAM-1 mRNA levels. The effect of IL-4 was blocked (98%) by pretreatment with IL-4 receptor blocking antibody. TNF-␣, but not IL-4, induced ICAM-1 mRNA expression in the heart (Fig. 2D) . Collectively, these findings suggest that IL-4 results in vascular-bed-specific induction of VCAM-1 in the intact endothelium.
STAT6 is required for IL-4-mediated induction of VCAM-1 in cultured endothelial cells. Previous studies have shown that IL-4 activates STAT6 in endothelial cells (36, 40) . Moreover, STAT6 has been implicated in IL-4-mediated induction of P-selectin and eotaxin-3 in endothelial cells (18, 20, 32) . As shown in Fig. 3A , incubation of HUVECs with 20 ng/ml IL-4 resulted in tyrosine phosphorylation of STAT6 and translocation of STAT6 from the cytosol to the nucleus (at 60 min). In contrast to TNF-␣ or thrombin, IL-4 failed to promote nuclear translocation of p65 NF-B (at 60 min).
To determine whether STAT6 induces VCAM-1 expression, HUVECs were infected with adenovirus expressing constitutively active STAT6 (Ad-CA-STAT6). In the absence of cytokine stimulation, Ad-CA-STAT6 resulted in a 52-fold induction of VCAM-1 mRNA levels (Fig. 3B) . In contrast, CA- on January 11, 2018 by guest http://mcb.asm.org/ STAT6 had no effect on ICAM-1 mRNA expression (data not shown; see Table S2 in the supplemental material). To determine whether endogenous STAT6 plays a role in mediating basal and/or inducible expression of VCAM-1, HUVECs were transfected with two independent siRNAs against STAT6 (oligo1 and oligo2). Each si-STAT6 resulted in Ͼ85% reduction of STAT6 and VCAM-1 mRNA in cells treated in the absence or presence of IL-4 (Fig. 3C) . Taken together, these findings suggest that VCAM-1 is a STAT6-responsive gene and that IL-4 induces VCAM-1 expression via a STAT6-dependent mechanism. IL-4-mediated STAT6 activation augments monocyte adhesion to cultured endothelial cells. To determine whether STAT6-mediated induction of VCAM-1 has functional consequences in IL-4-treated endothelial cells, we carried out cell adhesion assays using HUVECs and U937 monocyte cells. IL-4 treatment (20 ng/ml for 24 h) of Ad-control-transfected HUVECs resulted in 7.1-fold increased monocyte adhesion ( Fig. 3D and E) . In the absence of IL-4 treatment, Ad-CA-STAT6 resulted in a 3.7-fold increase in cell adhesion. Treatment of CA-STAT6-expressing HUVECs with IL-4 resulted in further induction of adhesion, but the absolute levels were comparable with those observed in IL-4-treated Ad-controlinfected cells. IL-4 treatment of si-control-treated HUVECs resulted in 5.5-fold increased monocyte adhesion ( Fig. 3D and E). This effect was attenuated 73.4% and 55.4% by si-STAT6 oligo1 and oligo2, respectively ( Fig. 3D and E) . Treatment of HUVECs with neutralizing antibody against VCAM-1 resulted in a comparable reduction (74.6%) of IL-4-mediated monocyte adhesion ( Fig. 3D and E) . Together, these data suggest that STAT6 plays a critical role in IL-4-mediated VCAM-1-dependent monocyte adhesion to endothelial cells.
Genome-wide survey of IL-4-regulated genes in endothelial cells. IL-4 resulted in the sustained induction of VCAM-1. Our next goal was to determine the extent to which IL-4 induced other genes in the endothelial cells. To that end, we carried out whole-genome expression arrays in HUVECs treated in the absence (0 h) or presence of IL-4 (1, 2, 4, 8, and 16 h). IL-4-regulated genes were collected, as those that were up-or downregulated more than 2-fold via IL-4 treatment at 16 h. Using these criteria, a total of 983 gene probes were identified (Fig. 4A) . A total of 526 of these were upregulated at 16 h (Fig.  4A, red) , and 457 were downregulated at 16 h (Fig. 4A, blue) . The IL-4-induced genes were further divided into 6 clusters according to temporal changes in mRNA expression: (i) induced at all time points, (ii) induced after 2 h, (iii) transiently reduced at 2 h, (iv) transiently reduced at 4 h, (v) transiently reduced at 8 h, and (vi) altered in a fluctuating pattern (Fig.  4B) . (The full probe list is shown in Table S2 in the supplemental material.) Those genes that were downregulated at 16 h were divided into five temporal patterns: (i) progressively downregulated, (ii) downregulated at 1 h, (iii) downregulated at 2 h, (iv) downregulated at 4 h, and (v) downregulated at 8 h (Fig. 4C) . (The full probe list is shown in Table S2 in the supplemental material.)
In a recent study, genome-wide information was reported for IL-4-regulated genes in CD4 ϩ T cells (9) . Thus, we had the opportunity to compare expression patterns in IL-4-treated endothelial cells and T lymphocytes. Only Ϸ10% of the IL-4-inducible gene probes in HUVECs were also upregulated in
CD4
ϩ T cells at similar time points (Fig. 4D ). For example, suppressor of cytokine signaling 1 (SOCS1) was commonly upregulated in both cell types. (The full list of commonly induced gene probes is shown in Table S3 in the supplemental material.) However, VCAM-1 was specifically induced in endothelial cells, whereas T-cell receptor was selectively upregulated in T cells. Taken together, these findings suggest that IL-4 signaling in endothelial cells results in temporally diverse cell-type-specific changes in gene expression.
Genome-wide survey of IL-4-mediated STAT6 binding in endothelial cells. We next wished to determine whether IL-4-regulated gene expression correlated with STAT6 binding. To identify genes directly bound by STAT6 in IL-4-treated endothelial cells, we carried out chromatin immunoprecipitation (ChIP) with STAT6 antibody in HUVECs treated in the absence (0 h) or presence of IL-4 (1, 4, and 16 h), followed by ChIP-seq analysis. Nonimmunoprecipitated DNA (input DNA) was used as a negative control to define nonspecific binding. Totals of 12,741,937 (0 h), 13,828,587 (1 h), 14,150,991 (4 h), and 14,816,881 (16 h) nonredundant reads were aligned onto the human genome. In IL-4-treated HUVECs, we identified a total of 10,611 STAT6-occupied peaks (Fig. 5A) . A total of 542 of these were present in untreated HUVECs and thus likely represent weak, basal STAT6 binding and/or falsepositive binding (Fig. 5A, left) . All of the remaining binding regions were induced at 1 h. Half of these bindings (5,709/ 10,069 regions) were transient (average signal ratio, 15.4), occurring at 1 h but not 4 or 16 h (Fig. 5A, right) , whereas the rest were sustained at 4 or 16 h (average signal ratio, 59.7) (calculation data not shown).
Previous studies have demonstrated that STAT proteins bind to a TTCN 3-4 GAA consensus element (14) . A recent report using ChIP-seq in T cells showed that while STAT4 bound to a GAA palindrome with a 3-nucleotide spacer, STAT6 preferentially bound to a GAA palindrome separated by a 4-bp spacer (TTCN 4 GAA) (45) . To determine and compare the binding element(s) in our genome-wide analysis between 1 h and 16 h of IL-4 treatment, we searched the consensus motifs of STAT6-bound regions. Similar to the results in T lymphocytes, our data revealed enrichment for the TTC N 4 GAA STAT6 binding site at 16 h (Fig. 5B) . Transient STAT6 binding yielded a weaker enrichment score, typically at the 5Ј-TTC-3Ј region in the consensus element. Finally, STAT6 binding at 16 h but not 1 h was associated with coenrichment in other transcription factor binding sites, including NFAT and AP-1 (Fig. 5B) .
To determine the location of STAT6 binding sites with IL-4 treatment for 16 h, we divided the human genome into 5 regions relative to the transcriptional start site (TSS) of the genes. As shown in Fig. 5C , 53% of STAT6 binding sites were located between Ϫ25 kbp and ϩ10 kbp of the genes. Of these binding sites, 4% were in the proximal promoter region (between Ϫ5,000 and ϩ1), while 33% and 1% were located in the introns and exons, respectively. The remaining 47% of STAT6 binding sites were localized to intergenic regions.
Binding of STAT6 to DNA does not necessarily correlate with changes in gene expression. To determine the association between genome-wide STAT6 binding and target gene expression, we compared the results of ChIP-seq with those of DNA microarrays of control and IL-4-treated endothelial cells. We selected microarray gene set probes that exhibited significant expression, as defined by Ͼ100 average difference in control HUVECs or HUVECs treated with IL-4 for 1, 4, or 16 h. A total of 17,444 probes (ϳ8,500 genes) met these criteria and were sorted by the log-fold induction/reduction ratio of the expression levels in HUVECs. IL-4 treatment for 1, 4, and 16 h showed a highly significant enrichment score (P Ͻ 10 Ϫ6 ) (Fig.  5D, right) . The correlation between IL-4-mediated gene induction and enriched STAT6 binding within the proximal (within 20 kb upstream and downstream of the TSS) was greatest at 16 h of treatment, compared with 1 h and 4 h (Fig. 5D, left) . Interestingly, the majority of genes whose expression peaked at 16 h demonstrated STAT6 binding as early as 1 h (see Fig. S1 in the supplemental material). In contrast to IL-4-inducible genes, those genes whose expression was inhibited by IL-4 failed to reveal significant correlation with proximal STAT6 binding (see Fig. S1 ).
Identification of STAT6-dependent genes in endothelial cells. Subsequently, to determine which IL-4-responsive genes were dependent on STAT6, we carried out duplicate DNA microarrays of control-siRNA-or si-STAT6-transfected HUVECs treated in the absence or presence of IL-4 or HUVECs infected with Ad-CA-STAT6. (The full array data are shown in Table S2 in the supplemental material.) Three gene clusters were identified: (i) IL-4-induced genes stably bound by STAT6 (1, 4, and 16 h) (Fig. 6A , upper one-third, group A), (ii) IL-4-induced genes not stably bound by STAT6 (Fig. 6A , middle one-third, group B), and (iii) IL-4-repressed genes (Fig. 6A , lower one-third, group C). STAT6 knockdown inhibited the effect of IL-4 on 79% of its target genes. The majority of IL-4-inducible STAT6-dependent genes were activated by Ad-CA-STAT6, while many IL-4-STAT6-repressible genes were downregulated by Ad-CA-STAT6 (Fig. 6A) . Interestingly, few of the genes that were downregulated by IL-4 demonstrated stable or even transient binding of STAT6. Representative ChIP-seq data from group A are shown for SOCS1, P-selectin, pro-melanin-concentrating hormone (PMCH), and BCL6 (Fig. 6B) . In each case, the STAT6 binding region was adjacent to a histone H3 lysine 4 monomethyl (H3K4me1)-positive region (Fig. 6B, blue (Fig. 6A) , suggesting that it is a direct STAT6 target gene in IL-4-treated endothelial cells. ChIP-seq revealed three distinct STAT6 binding regions in the VCAM-1 locus (kb Ϫ16, Ϫ11, and ϩ15, relative to the TSS) (Fig. 7A) . Sustained STAT6 binding at 16 h was specifically enriched at the kb Ϫ16 region (Fig. 7A ). To determine a functional role for the STAT6 binding sites, we carried out luciferase reporter assays in HUVECs with constructs containing a small (minimal) fragment of the human VCAM-1 promoter (between bp Ϫ287 and ϩ119) coupled to the STAT6 binding region from kb Ϫ16 (244 bp), kb Ϫ11 (280 bp), and kb ϩ15 (225 bp) (data not shown). As shown in Fig. 7B , expression of CA-STAT6 failed to induce activity of the minimal VCAM-1 promoter or the minimal promoter coupled to the kb Ϫ11 or ϩ15 STAT6 binding region, but significantly increased (4.3-fold) reporter gene expression of the construct containing the core promoter linked to the kb Ϫ16 STAT6 binding region [Enhancer (-16)-VCAM-1-luc] (Fig. 7B) . Finally, to determine whether IL-4-mediated induction of VCAM-1 requires the kb Ϫ16 STAT6 binding region, we carried out reporter analysis with HUVECs treated in the absence or presence of IL-4. IL-4 induced the expression of Enhancer (Ϫ16 kb)-VCAM-1-luc (Ͼ6-fold) but failed to activate the minimal VCAM-1 core promoter or the promoter coupled to the kb Ϫ11 or ϩ15 binding region (Fig. 7C) .
The kb Ϫ16 enhancer region contains two STAT6 consensus binding motifs (Fig. 7D) . To determine whether one or both of these elements are important for STAT6-mediated VCAM-1 promoter activation, we generated Enhancer (Ϫ16 kb)-VCAM-1-luc containing single or double point mutations (TT CN 4 GAA to TATN 4 GAA) of the STAT6 binding sites. As shown in Fig. 7D , CA-STAT6-mediated induction of promoter activity was abolished by mutation of the 3Ј STAT6 binding site (STAT6 motif 2) or mutation of both sites and was partially inhibited (51.2%) by mutation of the 5Ј STAT6 binding site (STAT6 motif 1). Consistent with the results from Ad-CA-STAT6-infected cells, IL-4-mediated activation of Enhancer (Ϫ16 kb)-VCAM-1-luc was abolished by mutation of STAT6 motif 2. In contrast, mutation of STAT6 motif 1 had partial (42.9%) blocking on IL-4-mediated VCAM-1 promoter activation (Fig. 7E) . Taken together, these findings suggest that IL-4 increases expression of VCAM-1 in endothelial cells by inducing STAT6 binding to a single STAT6 binding element at kb Ϫ16.
VCAM-1 enhancer is epigenetically activated with IL-4 treatment. Having established the functional consequences of IL-4-inducible binding of STAT6 to the kb Ϫ16 STAT-binding element, we next wished to determine the effect of IL-4 on the epigenetic status of the VCAM-1 locus. To that end, we performed ChIP using antibodies against p300, acetylated histone H4 (H4Ac), H3K4me1, and H3K4me3 in the absence (0 h) or presence (1, 4, and 16 h) of IL-4. The precipitated genome fragments were subjected to the ChIP-qPCR. The MyoD1 promoter region was used as a negative control, since the promoter is silent in control and IL-4-treated endothelial cells. As shown in Fig. 8 , IL-4 resulted in enriched binding of H4Ac and H3K4me3 in the proximal promoter region (TSS), consistent with increased capacity for transcriptional activation of the gene. Importantly, IL-4 induced stable binding of p300, H4Ac, and H3K4me1, but not H3K4me3, in the 16-kb region. Taken together, these findings suggest that the endogenous 16-kb STAT6 binding site functions as an IL-4-responsive enhancer. Thus, IL-4 treatment promotes an active chromatin configuration at the kb Ϫ16 STAT6 binding region of VCAM-1 in endothelial cells.
DISCUSSION
Endothelial cell activation describes the phenotypic response of endothelial cells to an inflammatory stimulus. When excessive, sustained, and/or uncoupled from local control mechanisms, endothelial cell activation may lead to dysfunction and vascular disease. VCAM-1 is involved in firm adhesion of leukocytes to the apical surface of endothelial cells through interactions with very late antigen 4 (VLA4), which is expressed primarily in lymphocytes and monocytes (reviewed in reference 33). Cross-linking VCAM-1 on the endothelial cell leads to increased cytosolic free calcium, activation of Rac1, and stimulation of reactive oxygen species (33) . A pathogenic role for VCAM-1 has been implicated in atherosclerosis (reviewed in references 11 and 33). IL-4 has previously been shown to induce the expression of VCAM-1 in endothelial cells and to play a role in atherosclerotic lesion development. Thus, an understanding of how IL-4 regulates VCAM-1 expression may provide insights into the therapeutic potential of the IL-4-VCAM-1 signaling axis.
We have shown that IL-4 induces VCAM-1 mRNA expression in cultured endothelial cells and in the intact endothelium of mice. The in vitro findings are consistent with previously published data, while the observation that systemic adminis- In contrast to the findings with VCAM-1, the IL-4-STAT6 signaling pathway failed to induce ICAM-1 expression in vitro and in vivo. These data add further evidence for the differential regulation of VCAM-1 and ICAM-1. For example, TNF-␣ and thrombin induce the expression of VCAM-1 via a GATA-and NF-B-dependent mechanism, whereas induction of ICAM-1 occurs through NF-B alone (28) . We have shown that histone deacetylase (HDAC) inhibitors attenuate TNF-␣-mediated induction of VCAM-1, but not ICAM-1 (19) . Finally, FOXO1 has been implicated in VEGF stimulation of VCAM-1 alone (1). Taken together, these findings suggest that VCAM-1 is governed by a more complex repertoire of signaling pathways and transcription factors.
In addition to providing insights into the transcriptional regulation of VCAM-1, the genome-wide approaches used in the present study are the first to reveal the kinetics of IL-4-regulated genes and the time-dependent landscape of transcription factor binding of STAT6 in control and IL-4-treated endothelial cells. By combining DNA microarrays and ChIP-seq, we demonstrated that the majority (79%) of IL-4-responsive genes are STAT6 dependent, as defined by a reversal of the IL-4 effect in STAT6-deficient cells. In addition, IL-4 induction of many of these genes was associated with direct STAT6 binding to their promoter. Importantly, there was little overlap in IL-4-inducible STAT6-dependent genes between endothelial cells and T cells. Collectively, these findings strongly support a predominant cell-type-specific role for STAT6 in mediating IL-4 signal transduction in endothelial cells. 
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ChIP-seq with STAT6 demonstrated that more than 10,000 independent regions were rapidly occupied by STAT6 at 1 h. In many cases, binding was transient (absent at 4 h and 16 h). However, most genes that were induced at 16 h were already bound by STAT6 at an earlier time point. Thus, in some cases, STAT6 binding may be spurious, while in other cases, STAT6 binding may alter the chromatin microenvironment in such a way as to prime the gene for subsequent IL-4 activation. The enrichment calculation from our ChIP-seq data revealed that stable, but not transient binding of STAT6 occurred at the TTCN 4 GAA consensus sequence. Interestingly, stably (at 16 h) but not transiently (at 1 h) bound STAT6 genes demonstrated coenrichment in other transcription factor binding motifs, including NFAT and AP-1 (Fig. 5B) . Thus, the stability of STAT6 binding may depend not only on the sequence of the STAT6 consensus motif, but also on an association of STAT6 with other transcription factors.
The use of ChIP-seq has proven useful in unveiling the histone code on a genome-wide scale. For example, a previous report on T cells demonstrated that STAT6 had a predominant role in antagonizing repressive marks on the genome (45) . In the present study, we have shown that STAT6 binding to several target genes occurs at sites where epigenetic marks are permissive for transcriptional activation. Further studies are required to determine the extent to which STAT6 binding in endothelial cells causes changes in DNA methylation and the histone code.
In summary, we have employed complementary genomewide approaches to delineate IL-4-responsive genes whose expression is associated with inducible binding of STAT6 in endothelial cells. The emerging picture is one in which IL-4 promotes rapid and sustained binding of STAT6 to a broad set of target genes. Importantly, our strategy led to the identification of a novel functional kb Ϫ16 STAT6 binding site in the VCAM-1 gene. Given the critical role of VCAM-1 in endothelial cell activation and dysfunction, the discovery of new transcriptional control elements may provide a foundation for targeted therapies in vascular disease.
